Accidental contamination of the Michigan food chain with polybrominated biphenyls (PBBs) led to the exposure of more than 4,000 individuals in 1973. Because PBB exposure is suspected to disrupt endocrine function, we assessed pubertal development in females 5-24 years of age (N ϭ 327) who were exposed to PBB in utero and, in many cases, through breastfeeding. We estimated in utero PBB exposure using maternal serum PBB measurements taken after exposure (1976 -1979) and extrapolated to time of pregnancy using a model of PBB decay. We found that breastfed girls exposed to high levels of PBB in utero (Ն7 parts per billion) had an earlier age at menarche (mean age ϭ 11.6 years) than breastfed girls exposed to lower levels of PBB in utero (mean age ϭ 12.2-12.6 years) or girls who were not breastfed (mean age ϭ 12.7 years). This association persisted after adjustment for potential confounders (menarche ratio ϭ 3.4, 95% confidence interval ϭ 1.3-9.0). Perinatal PBB exposure was associated with earlier pubic hair stage in breastfed girls, but little association was found with breast development. The associations observed here lend support to the hypothesis that pubertal events may be affected by pre-and postnatal exposure to organohalogens. (Epidemiology 2000;11:641-647) 
In an industrial accident that occurred in 1973, FireMaster, a fire retardant, was inadvertently added to livestock feed instead of the nutritional supplement NutriMaster (feed-grade magnesium oxide). In the following months, many Michigan residents unknowingly ate animal and dairy products that had been contaminated with polybrominated biphenyls (PBBs). Public concern prompted assessment of possible adverse health consequences in exposed individuals. A registry of exposed individuals was established in 1976. Details of the incident and the cohort are given elsewhere. 1, 2 Maternal ingestion of chemicals such as PBBs and polychlorinated biphenyls (PCBs) leads to transfer to the fetus through the placenta and to the infant through breastfeeding. [3] [4] [5] [6] [7] Although transfer by breast milk may account for the larger proportion of the child's total exposure, there is some exposure throughout gestation.
In studies of rat pups born to females fed PBB during gestation and lactation, vaginal openings were delayed in offspring in two of three studies. 8 -10 From these animal studies, it appears that exposure during gestation and early infancy may alter the hormonal signaling necessary in the developing fetus and neonate. We hypothesized that exposure to PBBs during gestation and early infancy may disrupt the endocrine feedback loops necessary for normal pubertal development. This study evaluates the association between perinatal PBB exposure and age at menarche and current breast and pubic hair Tanner stage in daughters of women exposed to PBBs. POPULATION We invited all female offspring at least 5 years of age in 1997, born during or after the Michigan PBB incident to participating mothers in the Michigan PBB registry, to take part in this study. We mailed daughters 5-17 years of age a packet that included a questionnaire; daughters 18 years and older were invited to take part in a telephone interview. Specifically, mothers of daughters less than 18 years of age were mailed an invitation package with a questionnaire enclosed for each daughter. We asked mothers to complete the questionnaire themselves, to complete it with the help of their daughter(s), or to have the daughter(s) complete it. Questions included age at first menstrual period, current height and weight, and past month's physical activity. The questionnaire also included a self-assessment of pubertal development by use of Tanner stage schematic drawings of both breast and pubic hair development. 11, 12 The drawings were developed at the University of North Carolina Population Center. 13 A total of 206 (61%) of the 339 mailed questionnaires were returned. Females 18 years of age and older in the PBB cohort were sent an invitation to participate in a telephone interview to assess potential health outcomes related to their chemical exposure, including age at menarche. A total of 122 (76%) of 161 daughters ages 18 -24 completed an interview. There was little difference in age or maternal initial serum PBB level between females who completed a survey and those who did not.
Subjects and Methods
Mothers who participated in the telephone interview were asked about breastfeeding duration of each child, education level, household income, farm chemical use, age at menarche, smoking status the year before the index pregnancy, and alcohol consumption in the first trimester of pregnancy. Maternal race was obtained from archived data on the cohort. All mothers reported their race as white.
A total of 328 daughters ages 5-24 years were eligible for the menarche analyses. One daughter who could not recall her age at menarche was excluded from the analysis (N ϭ 327). A total of 201 daughters ages 5-17 years gave Tanner stage information.
EXPOSURE ASSESSMENT
PBBs and PCBs were measured in serum samples obtained from women at enrollment in the cohort (1976 -1979) and at times during follow-up using gas chromatography with electron capture detection. 14 -16 Quantification of PBBs was based on the main congener, 2,2Ј,4,4Ј,5,5Јhexa-bromobiphenyl. PCB was measured as Aroclor 1254. The methods of PBB detection used have coefficients of variation of 7.1-14.0% and recovery ranges of 80 -90%. 15 Because of the limited maternal breast milk PBB measurements (6%) and maternal serum PBB measurements near the time of birth (14%), we estimated maternal PBB at pregnancy by use of a maternal decay rate model described elsewhere. 17 Briefly, a decay analysis was performed to estimate the PBB serum levels at times other than at the time of measurement. The final decay model included age and body mass index at initial PBB measurement, breastfeeding, number of pregnancies, and initial PBB level. We evaluated the predictive validity of the decay equation by comparing the predicted serum PBB level with the measured serum PBB level for women in the PBB cohort who had at least two serum PBB measurements taken when they were at least 16 years of age (N ϭ 402). The predicted and measured PBB levels were highly correlated (R ϭ 0.92).
Maternal PCB measurements were available for most participants (85%). Women had up to six measurements taken between 1976 and 1982, with a correlation of 0.81 between values. As PCB exposure is continual, because of consumption of fish and other dietary sources, maternal initial serum PCB level was used as the maternal serum PCB level during pregnancy, regardless of the time since the daughter's birth. STATISTICAL ANALYSIS Girls who had not reached menarche at the time of the survey contributed person-time until their current age, at which time their follow-up was discontinued. Estimated PBB levels less than 1 part per billion (ppb), the level of detection (LOD), were assigned a value of 0.5 ppb. This level is halfway between zero and the LOD and allows for log transformation of the data. This technique has been used in a study of PCB-exposed women, 18 and in highly skewed distributions it has been shown to be an appropriate estimation technique. 19 PCB levels were available on 301 women, and those levels below the LOD (5 ppb) were assigned a value of 2.5 ppb.
Because of the difference in numbers for each outcome group, the estimated in utero PBB exposure was categorized by distribution for each of the outcomes. For the menarche analysis the categories were less than or equal to the LOD, above the LOD up to the upper decile (Ͼ1-6 ppb), and in the upper decile (Ն7 ppb). For the Tanner-stage analysis the categories were less than or equal to the LOD, above the LOD to the upper decile (Ͼ1-4 ppb), and in the upper decile (Ն5 ppb). In utero PCB level was categorized for both analyses as less than or equal to the LOD, above the LOD to the upper decile (Ͼ5-6 ppb), and in the upper decile (Ն7 ppb). By including interactions between estimated maternal serum PBB and breastfeeding (yes/no) and estimated maternal serum PCB and breastfeeding (yes/no), we evaluated whether exposure to chemicals through breastfeeding modified the relation between in utero chemical exposure and each outcome. This breastfeeding variable refers to the index pregnancy only. The available weight and height data for the daughters were current weight and height, and, therefore, it was not relevant in the menarche analysis, as the majority of girls had experienced their first menses a number of years before the study (up to 15 years). In addition, height and weight may be affected by pre-and postnatal (henceforth referred to as perinatal) PBB exposure; therefore, these measurements were not included as covariates in the analyses, as they may have been intermediates in the causal pathway. We examined the associations between age at menarche and covariates by Kaplan-Meier survival curves. The proportional hazards assumption for each variable was assessed by graphical inspection of estimated Ϫln(Ϫln) survivor curves and by plots of Schoenfeld residuals. 20, 21 We detected no important departures.
We used proportional hazard models 22 to model time to menarche and to adjust for variables that were suggested to be related to age at menarche and/or PBB exposure ( Table 1) . Menarche ratios were obtained from these models. Ordinal logistic regression was used to model the proportional odds for each Tanner stage (breast and pubic hair) in girls 8 years of age and older in relation to PBBs, adjusting for potential confounders. Daughters 5-7 years of age (all in Tanner stage 1) were excluded from this analysis. Both models (breast and pubic hair) met the proportional odds assumption, as assessed by the score test.
All main-effect variables and all biologically relevant two-way interaction terms with PBB and PCB exposure were included in the initial multivariate models. Missing values for covariates that were not found to be associated with the outcomes were reassigned to the reference value, and an additional variable representing missing status was incorporated. Restricted analyses were also performed whereby participants missing covariates were excluded.
Deviance residuals were generated to detect outliers. All values were plausible. We assessed collinearity in the multivariate model by condition indices and variancedecomposition proportions. 23 We noted no collinearity. We retained in the model covariates that altered the estimate for PBB exposure or PCB exposure by more than 10%. Menarche ratios greater than 1 indicate earlier menarche. All analyses were performed with SAS 6.12. 21
Results
The average age of the 327 participants was 15 years. The mean estimated in utero PBB level was 17.3 ppb [standard deviation (SD) ϭ 107.8; range ϭ nondetectable to 1,142 ppb]. The mean in utero PCB level was 5.6 ppb (SD ϭ 5.5; range ϭ nondetectable to 78 ppb). A graphical distribution of PBB and PCB is shown in Figure 1 . Among the 179 daughters who were breastfed (59.5%), the mean duration of lactation was 5.7 months (SD ϭ 3.4; range ϭ 1-18.5 months).
At the time of the survey, 64% of the study population had reached menarche. The average age at menarche was 12.3 years (SD ϭ 1.3) years. At the time of the survey, 134 (67%) of the 201 participants had reached Tanner stage 2 of either breast development or pubic hair growth, 127 (64%) had reached breast development stage 2, and 118 (60%) had reached pubic hair stage 2. Additional descriptive statistics are shown in Table 1 . We show estimated chemical exposure and breastfeeding frequency by reported age at menarche in Table  2 . Girls exposed to relatively high estimated amounts of PBB in utero (Ն7 ppb) and in early infancy through breastfeeding had an earlier age at menarche (Table 3) . Mean age at menarche declined from 12.69 years in girls exposed solely to PBB in utero (any PBB level) to 11.60 years for girls exposed to high levels of PBB in utero (Ն7 ppb) and who had been breastfed.
The adjusted results are also shown in Table 3 . There was an interaction of estimated maternal serum PBB with breastfeeding. Breastfed daughters of mothers with a high estimated serum PBB level at the time of pregnancy (Ն7 ppb) were found to have an earlier menarche than non-breastfed daughters of mothers with a low estimated serum PBB level at the time of pregnancy [hazard ratio ϭ 3.40, 95% confidence interval (CI) ϭ 1.27-9.04]. Maternal PCB exposure was not associated with age at menarche.
In addition to age at menarche, we also had information on the actual month and year of occurrence of menarche for daughters 5-17 years of age. When this more precise menarche age was substituted for the time to menarche, we obtained similar results. Breastfed daughters of mothers with a high estimated serum PBB level at the time of pregnancy were found to have an earlier menarche than non-breastfed daughters of moth-ers with a low estimated serum PBB level at the time of pregnancy (hazard ratio ϭ 3.70; 95% CI ϭ 1.41-9.71).
When daughters lacking maternal PCB levels or other covariate information were dropped from the multivariate menarche models, there was no appreciable difference in the results (N ϭ 256) (data not shown). To account for possible secular trends in reported age at menarche, we included an indicator variable for each 5-year age category in the final model. The inclusion of this variable did not alter the results by much (data not shown). We observed an independent relation between a later reported maternal age at menarche (Ͼ12 years of age) and daughter's age at menarche (hazard ratio ϭ 0.34; 95% CI ϭ 0.23-0.48). None of the other variables was related appreciably to daughters' age at menarche.
The ordinal logistic regression model of breast stage and perinatal PBB exposure is shown in Table 4 . There was an interaction between the estimated maternal PBB categories and breastfeeding. There was a suggestion of earlier breast development for breastfed girls with moderate in utero PBB exposure, but not for breastfed girls with high exposure. The ordinal logistic regression model of pubic hair stage and perinatal PBB exposure is shown in Table 5 . There was an interaction between the estimated PBB categories and breastfeeding. In addition, the odds of being in a pubic hair stage of 2 or above increased with increasing PBB exposure among girls who were breastfed. Increasing maternal education was independently associated with later pubic hair development. None of the other covariates was associated with either breast or pubic hair development.
Inclusion of a variable for the source of the pubertal information (mother providing information or daughter involved in providing information) in the final model did not modify the association between PBB and pubertal development stage, nor did it alter the chemical 
Discussion
An analysis of pubertal development in daughters of mothers who were exposed to PBB and are enrolled in the Michigan PBB registry provides evidence that perinatal exposure to PBB may alter onset of menses and pubic hair development. These associations persisted after adjustment for a number of potential confounders. Little association was observed between PBB exposure and breast development stage. Age at menarche and Tanner stage had little association with PCB exposure. The earlier ages at menarche in females exposed to estimated high PBB levels perinatally are contrary to results found in rodents. Two studies found delayed vaginal opening among rats exposed perinatally, 8, 9 and work by McCormack et al 24 suggests that PBBs accelerate steroid hormone metabolism in rats, thereby diminishing the estrogen-positive feedback loop necessary for puberty. These animal studies, however, used large doses of PBB (ranging from 10 to 100 parts per million), which were administered daily from gestational day 7 to gestational day 15 8 or daily from gestational day 8 to lactational day 28. 9, 24 In addition, it has been suggested that primates differ from rodents in some aspects of neuroendocrine development, such as the location of the hypothalamic release center of luteinizing hormone-releasing hormone. 25 Possible mechanisms for the action of PBBs in relation to puberty include alteration of endocrine feedback loops and alteration of circulating hormone levels. 24, 26 The main congener of Fire-Master FF-1 (PBB153) is a diortho-substituted congener, 27 which may be neurotoxic and estrogenic, and which affects thyroid hormone concentrations. 28 Normal pubertal development is partly dependent on thyroid hormone, with low thyroid hormone concentrations associated with female sexual precocity. 29 -31 Fifteen-dayold offspring of rats fed 50 parts per million PBB during pregnancy and lactation were found to have decreased circulating thyroxine levels (71% of normal). 32 Five of the daughters in our study reported thyroid problems. All of these daughters were born within a few years of the incident (that is, between 1974 and 1976). Among them, one reported menarche at the age of 9, two at age 11, one at age 12, and one at age 13. The possible mechanisms and consequences of thyroid alteration in relation to persistent organohalogens (including PCB) have recently been reviewed. 33 There is limited evidence from animal studies indicating that the adrenal gland may be a potential target of PBBs. 34 Low-dose exposure to PBB for 5-7 months in rats was shown to reduce adrenal weight as well as serum corticosterone B, dehydroepiandrosterone, and dehydroepiandrosterone sulfate. 35 As both endometrium and breast tissue are targets for estrogen, it is somewhat surprising that we observed earlier menarche with no alteration of self-assessed breast development. Whereas pubic hair development is under control of the adrenal gland, cyclic gonadotropin secretion stimulates cyclic estradiol secretion leading to maturation of target tissues such as the breast, ovary, and endometrium. 36 In a review of adrenal gland toxicity, Colby 37 reports the adrenal cortex to be the endocrine organ most vulnerable to injury from chemical exposure.
We did not find an important association between PCB exposure and age at menarche or Tanner stage. The val- ues we found for maternal PCBs are similar to those among other nonoccupational U.S. population levels. 38 Animal studies that have assessed perinatal and postnatal exposure to Aroclor 1254 have found inconsistent results. 39, 40 A limitation of the present study is the lack of actual measures of in utero and postnatal chemical exposure. The estimates we used may result in exposure misclassification. Problems in estimating PCB half-lives have been reviewed by Shirai and Kissel, 41 and we did not attempt these estimates in our study. As an attempt to address the possibility of increasing PCB levels with increasing maternal age, we included a variable for time between initial PCB measurement date and index pregnancy date. Inclusion of this variable did not affect any of the final model results. In addition, owing to limited numbers, we were also not able to explore fully whether the length of breastfeeding among exposure groups was associated with pubertal development. Nevertheless, there was no apparent difference in breastfeeding among mothers with differing levels of PBB. Of the 301 (92%) women who reported breastfeeding history, 59% had high serum PBB levels, 56% had moderate serum levels, and 62% had low serum levels. The mean durations of breastfeeding were 5.6 months (SD ϭ 3.3), 6.1 months (SD ϭ 3.8), and 5.5 months (SD ϭ 3.2) for the high-, moderate-, and low-PBB groups, respectively.
Although we assessed age at menarche retrospectively, moderate-to-high correlations between actual recorded menarche and recalled menarche have been observed in females (adolescents and adults) up to 19 years after the event. [42] [43] [44] In our study the maximum time between event and survey was 15 years, with more than 50% reporting their menarche less than 7 years ago. Use of a self-administered Tanner questionnaire for assessment of sexual maturation allowed for daughters located throughout Michigan to assess quickly their current Tanner stage. Two studies have assessed the validity of self-reported pubertal maturation using Tanner stage schematic drawings and have indicated that self-assessment is an appropriate method of obtaining pubertal status. 45, 46 To address the issue of nonindependence of multiple daughters born to one mother, we also limited the analysis to the eldest daughter in each sibship. This restricted analysis resulted in no appreciable differences in the Kaplan-Meier menarche estimates (N ϭ 231) nor in the Tanner stage model results (N ϭ 127 for breast development, N ϭ 123 for pubic hair growth).
Although the critical period of exposure with respect to pubertal outcomes has been suggested to be during gestation, there are data indicating that females may be sensitive to the influence of estrogens later in life. 47, 48 In addition, there are reports of altered developmental outcomes in relation to perinatal or postnatal organochlorine exposure. 49 The associations observed here lend support to the hypothesis that pubertal events may be affected by perinatal exposure to organohalogens.
